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INTRODUCTION 


Theystranteiof padertel Biss between Vancouver Island and the main- 
land coast of British Columbia and is one of a series of coastal seaways 
of major importance. A large amount of fresh water enters the Strait each 
year, mainly from etreen and river discharges; more than three quarters of 
this amount is contributed by the Fraser River. Upon entry into the Strait 
the fresh Fraser River ee tends to form a distinct surface layer-riding, 
and mixing with, the receiving saline sea water. In the vicinity of the 
river mouth this surface layer frequently appears as a jet (or plume, as 
it is commonly called). The transport and jhe awe of this surface plume 
are generally influenced by three primary factors - river runoff, wind, and 
tide, and by three secondary factors - Coriolis force, centrifugal force 


and topography. 


In recent years, it has become increasingly apparent that more 
accurate information upon the behaviour of the plume, ube Birr its 
movement, is required. This need is associated with the growing population 
and increasing industrial activity in the lower mainland of British Columbia 
which have created a variety of problems ranging from the dispersal of 
domestic and industrial waste to the conflict between accelerated com- 


mercial and recreational uses of the Strait. 


A comprehensive current velocity measurement survey, employing 
conventional shipborne techniques, requires considerable manpower and 
material resources; data coverage over a large area possessing sufficient 
Synopticity make it a difficult task. Aerial photography or other remote 
sensing techniques such as infrared scanning, do however, provide alternate 
means of obtaining adequate information on the surface circulation over a 


wide area with suitable synopticity. 


a 


About two decades ago, aerial surveys were conducted over the 
eastern part of the Strait of Georgia in the region of the mouth of the 
Fraser River by the Greater Vancouver Sewerage and Drainage District as 
a basis for deciding on a suitable site for its major sewer outfall ser- 
ving the Greater Vancouver District. Although the data collected from 
these surveys have been utilized to describe the movement of water in the 
nearshore areas on the eastern part of the Strait (Fjarlie, 1950), certain 
features of the photographs have not been discussed. The present report 
utilizes these unique data to give, essentially, a qualitative description 
of the surface flow in the central Strait of Georgia where it is affected 
by the Fraser River. The few isolated photographs taken previously and 
subsequently to 1950 have also been utilized to aid the interpretation of 


surface currents in the region. 


It is to be noted that since 1950 some marine "obstructions" 
(Iona Jetty, and Tsawwassen Jetty) have been constructed (Fig. 1), while 
very recently another construction, the Roberts Bank Superport, has been 
Started just north of the Tsawwassen Jetty. These will, no doubt,. modify 
or affect the circulation of water in the immediate area of these con- 
structions. However, unless they have direct bearing on the subject 


matter under discussion, little will be said about them. 


AERIAL SURVEYS OF 1950 

A total of 16 flights were made at about two-hourly invervals on 
the Ist, 9th and 10th of June, 1950. Seven of these flights were made 
between 0620 and 1820 hours, (Pacific Standard Time (PST)) on the ist of 
June; two were made between 0640 and 0830 hours on the 9th of June and the 


remainder between 0600 and 1800 hours on the 10th of June. After about 


two hours, the survey of 9th of June was postponed due to unsuitable 


weather. 


The flight track for aerial photography started from a position 
about 4 miles west of Point Roberts and ended about one mile south of 
Bowen Island (Fig. 1). Additional photographs were taken along a track 
starting at a position about 3 miles south of Bowen Island to a point 


about 3 miles east of Second Narrows in Burrard Inlet. 


Photographs were taken by the Air Survey Division of the Depart- 
ment of Lands, Forest, and Water Resources of British Columbia from an 
altitude of approximately 15,000 feet from a twin-engine Beachcraft 
Expeditor having a cruising speed of about 100 knots. Both vertical and 
oblique photography were employed simultaneously, the former covering a 
ground area of 16 square miles! (4 miles x 4 miles) along the flight track 
while the latter covered both sides along the track. Each successive 
photograph possessed a 60% overlap with the preceding one. The oblique 
photography was conducted with the optical axis of the camera, a 
Trimetrogon tri-camera (film size 5 inches x 5 inches), tilted 30° from 
the horizon. 

It should be mentioned, that, while a series of overlapping 
vertical photographs can easily be used to exactly position water features 
with reference to land marks, it is much more difficult with oblique photo- 
graphs since perspective distortion permitted only positions within several 


Miles of the flight track to be determined accurately. 


The first survey (1 June) was conducted during a period of large 


tides (Fig. 2a) while the second (9, 10 June) was made during a period of 


ail Mileages in the present report are expressed in nautical miles. 


small tides (Fig. 2b). Winds recorded at Vancouver International Airport 
on Sea Island were, during the first survey, from the northwesterly 
direction with speeds ranging from 12 to 17 knots (Table la) and during 
the second survey were from the same direction but were considerably 
smaller in magnitude (Table 1b). The Fraser River discharge, as measured 
at Hope, B.C. located about 100 miles inland, was about 200,00 ft3/sec 


during the surveys (Fig. 3). 


Also available are a pair of oblique photographs taken over the 
general area on 5th of June, 1948 a time of a large Fraser River runoff 
of 450,000 ft3/sec (Fig. 3) and flooding in the Fraser Valley. These 
photographs further coincided with the flood of a large tide (Fig. 2c) 


when winds were from the northwest with speeds of up to 11 knots (Table 1c); 


Some more recent photographs, taken with a hand-held 35 mm 
camera (Nikon F) from a helicopter at an altitude of about 1000 feet, are 
available for the 4th of June, 1968. These coincided with the ebb of a 
small tide (Fig. 2d) and a Fraser River discharge of about 300,000 ft3/sec 
(Fig. 3). 

BACKGROUND OCEANOGRAPHIC INFORMATION 

The brackish upper zone that exists off the Fraser River estuary 
generally occurs within the upper 5 metres (m) of water. Its presence, at 
least during the freshet period (late Spring through early Summer) when the 
Fraser River discharge is high, can be visually detected because of the 
large amount of light silt it carries. At times the upper zone may be 
sufficiently thin that the stirring by a passing ship through it permits 


the deeper clear water to be seen. 


When the waters of the central Strait of Georgia are observed 
from the air, the Fraser River water is easily recognizable by its milky 
brown appearance against the background of green, darker sea water. In 
the black and white photographs, the brackish Fraser River water with its 
variable amounts of silt exhibits various tones of grey; the lighter the 


tone, the fresher the water and vice versa. 


Because of this feature it is possible to interpret the gradual 
degradation of the grey tone as an indication of the dispersion of silt, 
and therefore, of the fresh water in the sea. In other words, it is an 
indication of the increase in the salinity of the source water as it enters 
the sea. The process is analogous to the dispersion of a solution of dye 
and fresh water when released into the sea water. The examination of the 
sequence of aerial photographs thus permits the tracking of the trajectory 


of the source water (Fraser River water) as it enters the Strait. 


INTERPRETATION OF SURFACE WATER FLOW FROM AERIAL PHOTOGRAPHS 

Due to the maintenance of the longitudinal pressure head at the 
river mouth and to the inertia of the river flow, an outflowing tongue of 
fresh or brackish water is evident at the river mouths. When the river 
discharge is high, and particularly during the ebbing tide, the outflow 
at the river mouth is so large that a well-defined, jet-like feature is 
present. Off the main South Arm (hereafter called Main Arm) of the 
Fraser River, the flow is so strong that the jet maintains its identity 
for a considerable distance, at times for several miles. An average 
speed as large as 5 knots has been observed during its excursion from the 
mouth of the river to mid-Strait. (Giovando and Tabata, 1970). Lesser, 
tongue-like plumes appear also at the mouths of the smaller North Arm and 


Middle Arm. Where such jets or plumes occur, the orientation of their 


axes and their gradual darkening of tone can be used to interpret the 


current direction. These are indicated on the accompanying figures by 


bold continuous arrows. 


At times such a jet-like feature is absent and in its place one 
notes a cloud of water "accumulating" off the river mouth. In such cases 
it is likely that the flow within the cloud is radial; that is, the water 
is spreading in all outward directions from the source due to the occur- 
rence of a pressure head at the mouth. In this case the presumed flow 


would be indicated by continuous arrows. 


At the convergence line between two Witer masses, one indicated, 
say, by the silty fresh water and the other by the darker sea water, it is 
possible to have relative flow; in fact, such observations have been made 
in the vicinity of the mouth of North Arm (Tabata, Giovando and Devlin, 
1971). Where such horizontal shear is likely, the presumed flow is in- 
dicated by broken arrows in the accompanying figures. It is also possible 
that at the convergence one of the water ances may be lighter than the 
other resulting in the over-riding of the lighter fresh water over the 
denser seawater. However, it is difficult to determine this from aerial 


photographs except perhaps at the advancing edge of the plume. 


In the discussion to follow, the general features of the results 
will be presented first, followed by a more detailed description of the 


water movement. 


SURVEY OF 1 JUNE 1950 


At this time more than one half of the area (bounded approximately 
by Point Atkinson-Gabriola Island to the north, Point Roberts - Mayne 
Island to the south, eastern shores of Gulf Islands to the west and main- 


land shores to the east) was covered with the Silty Fraser River water 


It was generally confined to the eastern side of the Strait during the 
ebb but its extent doubled during the flood. The plumes originating at 
the mouth of each Arm, namely the Main Arm, the Middle Arm and the North 
Arm, were all recognizable in the photographs, the one off the Main Arn, 
of course, being most prominent. The plume off the North Arm was clearly 
evident during all stages of the tide but that off the Middle Arm was less 
well defined and was evident only at certain stages of the tide. Clearer, 
more saline water, occurred off Valdes Island during the ebb. This water 
probably has a salinity of about 25 °/oo as inferred from observations at 
Entrance Island, (Pacific Oceanograply Group, 1951) located about 7 miles 
northwest of Thrasher Rock. Clearer water also occurred at an area midway 
between Valdes Island and Lulu Island. 

1. Initial Stage of Large Ebb (Fig.4). 

The main plume originating at the Main Arm was restricted to 
the region south of the Sand Heads - Porlier Pass line with an 
indication that it was spreading toward the shores of Galiano 
Island. At the mouth of North Arm there was evidence of a flow 
to the northwest in the direction of Bowen Island and some flow 
to the south, as well as into Burrard Inlet. The flow from the 
Middle Arm was directed to the north and appears to retain its 
identity even within the vicinity of the mouth of North Arm 
(Fig. 5). The fresh water in Howe Sound (Fig. 6) is likely a 
combination of North and Middle Arm outflow which has moved 
northward into the Sound. The most saline water (clearest water 
in the area) occurred along the shores of Valdes Island and 


northern part of Galiano Island. 


2. Halfway through Large Ebb (Fig. 7). 


During this period, a more distinct cloud of fresh water 
appeared off the Main Arm. This feature is presumably due to 
the fresh water that had been stored in the river mouth during 
the flood that was subsequently released with the lowering of 
sea level in the Strait. The jet-like plume that occurred 
backed sharply to the south. This southerly set could have been 
caused by the ebb flow in the Strait, although the fresh north- 
westerly wind that was blowing at the time (Table la) could have 
influenced it somewhat. The area covered with fresh water in 
the southern part increased from that of the previous flight. 
There was little change in the circulation pattern off the 
North Arm from that of the previous flight except that the 
boundary marking the salt water CBee aah water convergence was 
more clearly defined (Fig. 8) than previously (cf. Fig. 5). 

The water from the Middle Arm was still discernable although 
its plume was somewhat obscured. As during the previous period, 
clearer water again occurred off the shores of Gabriola and Galiano 


Islands. 


3. Final Stage of Large Ebb (Fig. 9) 

The fresh water accumulating at the mouth of the Main Arm 
appeared well marked. It covered an area to the south of Sand 
Heads with the bulk of the water flowing to southwest. There 
was evidence of some fresh water flowing southward past Point 
Roberts from its probable origin at Canoe Pass. Off the North 
Arm and Middle Arm the flow pattern remained essentially similar 


to that observed during the previous stages of the tide, although 


the flow off the Middle Arm was more distinct (Fig. 10). The 
area of clearer sea water was almost as large as during the pre- 
vious tide. There was some evidence of fresh water lying south 
and Southwest of Bowen [sland; however, it is difficult to es- 
tablish where it originated. It could have been due to flow from 
the North and Middle Arms during previous tides, or from the Main 
Arm as it appeared to have been separated from the bulk of water 
originating at the North and Middle Arms by an area of clearer 
brackish water. 

4. End of Large Ebb : Lower Low Water (Fig. 11) 

The plume from the Main Arm showed expansion to the west as 
well as to the southwest in comparison to the previous stage of 
the tide (Fig. 9) when it showed expansion to the southwest only. 
The boundary between the plume and the adjacent sea water appeared 
most marked in the series of photographs taken during this flight, 
as compared to those of the previous flights. The fresh water 
flowing southward past Point Roberts was also marked as can be 
seen from Fig. 12. Off the North Arm there appeared to be more 
flow directed into Burrard Inlet and toward Bowen Island (Fig. 13). 
Off the Middle Arm the bulk of the water flowed to the north, some 
merging with the plume from the North Arm (Fig. 14). This feature 
was observed again on 11 June 1969 during a similar stage of the 
tide (Tabata, Giovando and Devlin, 1971). There was some evidence 
to imply that some of this Middle Arm water also flowed southward. 
The character of the plumes from the three Arms can be clearly seen 
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5. Initial Stage of Large Flood (Fig. 16) 


A noticeable change occurred in the behaviour of the main 
plume; a distinct veering took place and the plume changed its 
course to northeast, probably reacting to the flood tide. Apart 
from the intensification of the flow of water into Burrard Inlet 
the circulation pattern off the North Arm remained similar to that 
observed during the previous stages of the tide. As can be seen 
from Fig. 17, a sizeable area of the central Strait was covered 
with the Fraser River water. The area occupied by the clearer 
sea water along the eastern shores of Galiano and Valdes Islands 
appeared to have diminished somewhat by the beginning of flood. 
6. Halfway through Large Flood (Fig. 18) 

By this stage of the tide, more than half of the area was 
covered with water originating from the Fraser River. The main 
plume had increased its veer and its area in all directions. Off 
the North and Middle Arms, little change occurred in the flow 
pattern evident during the previous stages of the tide. 

7. Final Stage of Large Flood (Fig. 19) 

Due to excess reflection present in the photographs taken 
during this flight the photographs are not of sufficient quality 
to allow any detailed examination. However, it appears that the 
extent of the fresh water in the area was similar to that ob- 
served during the previous stage of the tide. The fresh water 
lying east of Galiano Island and Valdes Island had moved west- 
ward with part of it lying close to Porlier Pass. Clearer sea 


water appeared to have flowed northward past Point Roberts. 
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Distribution of Surface Salinity (29 and 31 May 1950) (Fig. 20) 


Oceanographic observations were made along the eastern half of 
the central Strait during the day of the aerial survey and on a 
few days preceding it. The lack of synopticity and the low den- 
Sity of samples do not permit a detailed comparison of ocean- 
ographic features interpreted from these observations with those 
from aerial photographs. However, comparison showed that there 
is a resemblance in the general oceanographic features indicated 
by each set of observations. The following features were pres- 
ent in the oceanographic data and were consistent with those 
obtained from aerial survey: 


a. relatively saline water occurred along the north shore 
of Burrard Inlet; 


b. relatively fresh water was present over the bulk of 
Burrard Inlet; 


c. low salinity water off the North Arm and the Middle Arm 
was present but seaborne observations showed them to be 
isolated ''clouds"; 

d. low salinity water off the Main Arm also appeared as an 
isolated "cloud" in seaborne observations while it was 
continuous in the observations made from aerial survey; 

e. relatively unmixed sea water (salinity of about °/00) 
appeared approximately 5 miles from the low tide boundary 
of Sturgeon Bank. 

Distribution of Internal Waves during 1 June 1950. 

Internal waves are waves that occur below the water surface 
between layers of different density or within layers where verti- 
cab. density *gradientsiare’ present. Their presence 1m.the.sea, 
when observed from ships or aircraft, is frequently indicated by 


the occurrence of alternate bands of ruffled and smooth water or 


of slicks on the sea surface. In the central Strait of Georgia 


2. 


these bands sometimes appear as strips of greenish-yellow fila- 
ments. (In the accompanying figures these waves are shown by a 
series of wavy lines representing wave crests). 

Shand (1955) was the first to remark on the presence of 
internal waves in the Strait of Georgia. Utilizing the aerial 
photographs obtained during the 1950 Survey and those taken sub- 
sequently, he was able to describe the main features of these 
waves. In the present report it will be sufficient to report 
their presence at the various stages of the tide and to discuss 
their possible influence upon the surface circulation. 

Internal waves appeared initially in a relatively small area 
off Point Roberts a few hours before Lower Low Water (Fig..9). 

At Lower Low Water they occurred over a wider area, between Point 
Roberts and Mayne [sland and off Active Pass (Fig;d11). During 
the initial stage of the Large Flood they were distributed over a 
much greater area during the previous stages of the tide (Fig. 16). 
Not only were they present in a large area between Point Roberts 
and Galiano Island, but also occurred between Gabriola Island 
and Point Grey. During the next stage of the tide (halfway 
through the Large Flood) the location of these waves in both the 
southern and northern areas was displaced about 5 miles to the 
north of the position occupied during the previous stage (Fig. 18). 
Teadas tion to these, another band of waves occurred off Sturgeon 
Bank just north of Sand Heads. During the final stage of the 


Large Flood they occurred only in the area between Point Roberts 


and Galiano Island. 


oa 


SURVEY OF 9 AND Io JUNE 1950 

Increased cloudiness during 9 June precluded the completion 
of the survey scheduled for that day; nonetheless, it was possible to 
complete the 7 flights on the following day which was a period of small 
tides. A 20% increase in the Fraser River discharge occurred during the 
interval between the previous survey on 1 June and the present one. 

The most conspicuous features of the distribution of silty 
fresh water in the area during this period were the occurrence of a well- 
developed jet off the Main Arm and the presence of a "clockwise loop" 
in the central part of the area. Fresh water, or very low salinity water, 
occured along both the eastern and western sides of the area with a patch 
of clearer seawater in between. The general location of the "loop" remained 
relatively unchanged during the entire day of observations. 

1. Halfway through Large Ebb (Fig. 21) 

During this stage of the tide, it was evident that the plume 
originating at the mouth of the Main Arm had formed a well-defined 
jet whose axis was oriented parallel to Steveston Jetty, with the 
advancing edge of the jet lying halfway between Sand Head and 
Porlier Pass. Although not directly connected with this jet, the 
fresh water mass that originated in the Main Arm and lying to the 
south of the jet appeared to extend to the eastern shores of 
Galiano Island. This water mass then seemed to continue north- 
westward and veered in the vicinity of Thrasher Rock; it then 
veered further to form a''clockwise loop" so that the ''tongue'' 
of the plume was directed southward. Off the North Arm the 
circulation pattern was similar to that observed during the pre- 


vious survey; that is, there was a flow seaward with one branch 
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flowing into Burrard Inlet, another flowing toward Bowen Island 
and still another backing to form southerly flowing water. Again, 
there was evidence of some of the water originating off the Middle 
Arm flowing north, as well as to the south. Clearer water oc- 
curred in the central part of the area. 

2. Final Stage of Large Flood (Fig. 22) 

The jet-like plume advancing seaward from the Main Arm was 
again very well-defined and its seaward extent had advanced about 
3 miles farther from the position held previously (top right hand 
corner in Fig. 23). The flow off the North Arm was not very 
different from that of the previous stage of the tide in which 
there was the usual seaward flow with some entering Burrard Inlet 
and the other directed to southwest. Off the Middle Arm and 
particularly from the area of the Iona Channel (now closed off 
bu formerly located between Iona Island and Sea Island) there was 
evidence of northerly flow. As evident from Fig. 23, the fresh 
water off Galiano Island appeared to have continued northward, 
hugging the shores of northern Galiano Island and Valdes Island. 
The veering that occurred off Thrasher Rock can be seen readily 
in Fig. 24. The continuation of this water toward the centre 
of the area can also be noted in the latter figure. The northern- 
most extension of this loop penetrated as far as off Collingwood 
Channel, just west of Bowen Island as can be noted in Pil e.2a- 
There is also some evidence of a small jet-like plume emanating 


from Canoe Pass to the south of the Main Arn. 
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3. Initial Stage of Large Flood (Fig. 26) 


The main feature of the flow emerging from the Main Arm was 
the presence of a jet which was almost as pronounced as it was 
during the previous stage of the tide (cf. Fig. 21). Its forward 
extremety had reached to within 2 miles of Porlier Pass. This and 
the well-defined feature of the jet can readily be seen in Fig. 27. 
The "fresh" water hugging the shores of Galiano and Valdes Island 
now appeared to be narrower than it had been previously. The 
clockwise loop that appeared during the two previous stages of 
the tide was still present. At the mouth of the North Arm the 
pattern of flow was much the same as it was in the past. A 
back eddy appeared to be present in Burrard Inlet, just off Point 
Grey (Fig. 28). The northward flow off the Middle Arm was clearly 
evident by its jet-like appearance (Fig. 28). The plume associated 
with Canoe Pass occurred again as a narrow jet, as was noted in 
the previous stage of the tide. 

4. Halfway through Large Flood (Fig. 29) 

The jet emanating from the Main Arm continued to be well 
defined and it appeared that the advancing edge almost reached the 
"fresh'' water associated with the loop. The advancing tongue 
of the loop showed a more definite tendency to flow southward. 

In the previous stages of the tide it was not particularly easy 
to see whether or not the water associated with this advancing 
tongue was part of the fresh water originating in the North Arm. 
During this stage of the tide it was clearly evident that the 
water of the loop was indeed separated from that associated with 


the North Arm and therefore was unlikely to be connected with it. 
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The influence of the loop as far as Collingwood Channel is evident 
from Fig. 30. 
5. Final Stage of Large Flood (Fig. 31) 

The main plume appeared basically similar to that observed 
earlier except that the advancing edge now seemed to have merged 
with the ''fresh'"' water lying off Porlier Pass. Nonetheless, the 
demarcation line separating these two sources of relatively fresh 
water was present, as can be seen in Fig. 32. As in the past, the 
clockwise loop was present. No particular change in the flow 
pattern off the North and Middle Arms was discernable from that 
of the previous stages of the tide. There was a narrow band of 
fresh water off Canoe Pass which is attributed to the flow from 
there. 

6. Initial Stage of Small Ebb (Lower High Water) (Fig. 33) 

Although the photographic coverage of the area during this 
stage of the tide was incomplete, it was still possible to see 
most of the features of the circulation in the area. The well 
defined main plume, the clockwise loop and the flow off the North 
Arm were basically similar to those observed during the previous 
stages of the tide. 

It is to be noted here that on 4 June 1968, oblique photographs 
of the waters lying off the eastern shores of Galiano and Valdes 
Islands were taken. The time of photography coincided with that 
of a small ebbing tide (Fig. 2) during the presence of light north- 
west winds (Table ld) and when the Fraser River discharge was 
about 300,000 £t>/sec (Fig. 3). Although the river discharge was 


about 50% greater than it was at the corresponding period in 1950 
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the conditions of the tide and winds were similar to those en- 
countered in 1950 (cf. Fig. 2b, 2d and Tables 1b, 1d). At this 
time a strip of ''fresh'' water (characterized by its light colour), 
which resembled a part of the loop observed during 1950, was 
present (Fig. 34). This indicates that the ''fresh" water ob- 
served at the same location during 1950 was not an isolated event. 
7. Halfway through Small Ebb (Fig. 35) 

Only vertical photographs were available for this flight and 
hence the coverage of the area was restricted. The circulation 
pattern off the North and Middle Arms, as deduced from the pre- 
sent series of photographs, indicated that it was the same as 
during the previous stage of the tide. 

Flights of 9 June 1950 (Fig. 36 and 37) 

As mentioned earlier, only 2 flights were made on the 9th 
of June 1950. The first set of photographs were taken during 
the final stage of large ebb and therefore correspond to that 
obtained during the second flight on the 10th of June (Fig. 22). 
The second set was obtained during the initial stage of the large 
flood and corresponds to that obtained during the third flight 
on the 10th of June (Fig. 26). A comparison of observations made 
on the similar stages of the tide on the two days, indicated that 
most of the features represented on the 9th of June were repro- 
duced on the 10th of June. The main jet-like plume off the Main 
Arm, the clockwise loop, the flow off the North Arm all are present 
in the two sets. Perhaps the only difference lies in the fact that 
the area occupied by the fresh water to the south of Bowen Island 


appeared to have been greater on the 9th than on the 10th of June. 
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Distribution of Surface Salinity (13 and 14 June 1950) (Fig. 38) 


Oceanographic observations of surface water along the eastern 
part of the Strait were made during the 13th and 14th 1f June some 
few days after the time of the aerial survey. These observations 
were made within 93 hours on each day and therefore possessed 
slightly more synopticity than those taken during the 29th and 
31st of May which were taken over a period of 2 days on each set. 
Because of the time scales involved, it is difficult to compare 
aerial and seaborne observations that were separated by several 
days. However, the surface features represented by aerial photo- 
graphy did resemble those based on seaborne measurements. For 
example, the shipborne observations showed the increased amount 
of fresh water in the area during this period and recorded plumes 
off all the major arms of the river. A narrow tongue of fresh 
water can be seen off the Main Arm off Sand Heads (Fig. 38a) 
and is likely to be associated with the jet mentioned earlier. 
Distribution of Internal Waves during 10 June 1950 

Internal waves were confined to the southern area of the 
Strait during this survey. They first appeared in a relatively 
small area off Point Roberts (Fig. 21) during the time of '"'Half- 
way through the Large Ebb'', and during subsequent stages of the 
tide, occurred over a wider area than initially. However they 
were restricted to the area between Point Roberts and Galiano 


be band i(Pigec2, - 207, 29,7 31 and: 33). 
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MINI-SURVEY OF 5 JUNE 1948 (Fig. 39) 

The latter part of May and the early part of June 1948 were 
characterized by a very large Fraser River discharge (Fig. 3) when flooding 
occurred in the Fraser River valley. It was during this period that a pair 
of oblique photographs were taken over the central Strait of Georgia. As 
might be expected, a substantially large area of the central Strait was 
covered with Fraser River water. As is evident in Fig. 39 and 40, the 
entire eastern part of the central Strait from the area of Point Roberts 
to Sechelt plone the eastern shores to Sand Heads and down to Saturna 
Island was influenced directly by the Fraser River. Although the location 
of the main plume was not adequately covered by the aerial photographs it 
is possible to note the smaller plumes off the North and Middle Arms 


(Fig. 39) and off Canoe Pass (Fig. 40). 


S70 


SUMMARY OF RESULTS AND DISCUSSION 

A set of vertical and oblique aerial photographs of the surface 
waters of the central Strait of Georgia, obtained about 2 decades ago, has 
been utilized to interpret the movement of Fraser River-influenced waters. 
The interpretation of surface water movement from vertical photographs can 
be made with relative ease. That from oblique photographs, however, presents 
some problems due to the perspective distortion and subsequent dirficuity 
of interpreting surface events that lie more than several miles away from 
the flight track. Further, reflection from distant clouds may give mis- 
leading surface images which need to be taken into consideration when 
interpretation of oblique photographs is made. 

A description of the circulation pattern of the surface waters 
is made, using silt in the water as a natural tracer. The fresh-water 
plumes, recognizable because of their silt content, emanating from the 
mouth of the three arms of the Fraser River -- Main Arm, Middle Arm and 
North Arm -- can all be distinguished. The plume off the Main Arm is 
most easily depicted because of the large volume of water involved. 

At times this plume is well developed and appears as a well-defined jet, 
suggesting the importance of the inertial and pressure forces. Distinct 
features of this jet can be traced to Porlier Pass, about 12 miles from the 
source, and further. 

One of the more prominent features depicted in the series of 
photographs is a ''clockwise loop" whose water appears to have originated 
in the Main Arm, crossed the Strait to its western side, moved northwest- 
ward along the eastern shores of Galiano and Valdes Island, veered to the 
northeast, extending as far as Collingwood Channel just west of Bowen 


Island, then flowed southward. The fact that such a loop can occur for 
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one half day and that it shows signs of existing for even longer periods 
is of particular interest because of its implications about the mainte- 
nance of the dynamic balance in such an estuarine circulation. Ina 
theoretical attempt to explain estuarine circulation Takano (1955) consi- 
dered a balance of pressure gradient, Coriolis force, vertical and lateral 
mixing, while ignoring inertial and other effects such as tides and sug- 
gested that a slow-moving plume in si wigaaias hemisphere should spread 
with a deflection to the right of the direction of the flow. Qualitative- 
ly there is a deflection of the Fraser River plume to the right, but 
the fact that it remains in a relatively narrow band implies that lateral 
mixing is small (at least, in the present case) and that inertial and 
other effects are important also. During the ebb the entrant direction of 
the main plume is maintained which suggests the balance of Coriolis and 
ebb-tidal forces during this period (Ebb currents in the Strait should be 
flowing southeastward). If the loop is to occur for more than one day 
as the data suggest, it must derive some energy to maintain the flow 
and must have an adequate supply of fresh water to maintain its identity, 
otherwise tidal mixing alone probably would be sufficient to destroy its 
unique distribution. It is suggested that its occurrence is maintained 
by the daily "push" resulting from the jet from the Main Arm merging with 
the already-present fresh water lying along the western side of the Strait. 
As has been described in previous studies (Fjarlie, 1950), the 
plume from the North Arm is directed into Burrard Inlet as well as sea- 
ward. Even during the ebb, some flow, though apparently weaker than 
during the flood, appears to be directed into Burrard Inlet. Part of the 
explanation for the northward flowing current may be due to the deflection 


caused by Coriolis force; however, it is more likely that the observed 


re 


circulation pattern at the mouth of the North Arm is attributable to the 
build-up of pressure gradient here due to the accumulation of fresh water 
at the mouth that generates radial flow, part of which could be northward- 
moving flow. 

It has been shown here and in other studies (Tabata, Giovando 
and Devlin, 1971) that off the Iona Jetty the surface water within a mile 
or so from the low-tide boundary moves northward even during the ebb tide. 
The reason for the occurrence for this flow is not readily explicable. 

It does not appear to be due to the pressure gradient at the mouth of 
the Middle Arm alone. 

The importance of pressure gradients in the area has not been 
delt with in detail due to lack of suitable data. Where such an effect 
has been examined elsewhere, it has been found to have important influence 
on the circulation. Off the Mississippi River, for example, it has been 
estimated that the sea level decreases by 1 foot per 6 miles seaward from 
the mouth of the river (Bates, 1953). If the Fraser River is being discharged 
at a rate of 200,000 ft?/sec, at the mouth, this volume will be sufficient 
to raise a water column of an area comparable to the eastern half of the 
Strait (Point Grey to the north and Point Roberts to the south) by 33 ft 
per arith In practice, such an accumulation of water is unlikely to occur 
Since the fresh water is continuously pouring into the sea and also since 
there is a tendancy for an adjustment of water masses in the deeper layers 
which decreases the potential energy of the water column. However, such 
arate (33 ft per day) does indicate the contribution of the fresh water 
discharge in creating an horizontal pressure gradient that may be respon- 
sible for some of the flows depicted. 


Internal waves were present from the time of the final stage of 
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the ebb through the flood. Their occurrence was most common in the area 
between Point Roberts and Mayne Island and was most prevalent during the 
large tides. They appear to progress not only along the axis of the Strait 
but also across it. An examination of internal waves in the southern 

area, in recent years, has shown that they possess periods between 2 and 

3 minutes, wave lengths varying from 50 to 4000 ft and celerity exceeding 

3 knot (Hughes, 1969). The velocities associated with these waves are 
comparable to those of tidal currents and therefore are likely to distort 
the general circulation pattern in the area. 

The gross feature of the distribution of silt is correlated with 
that of salinity, at least in the eastern half of the Strait. The aerial 
photographs show considerable details of the distribution of silt and 

therefore of the fresh water. A comparison of the details interpreted from 
photographs and those made from seaborne observations is not possible. 

The ae s08 difficulty is due to the lack of synopticity and the low level 
of sampling in the seaborne observations. The assessment of the deduced 
surface circulation from aerial photographs is hampered by lack of direct 
current measurements for the verification of the interpreted flow. In 
future surveys of this sort it is essential that this aspect of observ- 
ations be considered as the deduced flows would hate much more significance 
had they been supported by seaborne measurements. Further, a rapid survey 
made by towed instruments from high speed vessels during the aerial survey 


would provide appreciable material to aid the interpretations of results. 


+) 


ACKNOWLEDGEMENTS 


Thanks are to Mrs. Velma Nadon and Mrs. Joyce Fagan 
for the assistance in preparing the working and the 
final drawings. Appreciation is due to Dr. R.E. Thomson 


for his review of the manuscript. 


Sore. 


REFERENCES 
Atmospheric Environment Service of the Department of the Environment of 
Canada. Unpublished data - 1970. Abstracts of winds at Vancouver 
International Airport. Private communication. 
Bates, Charles C., 1953. Rational Theory of Delta Formation. Bull. 
of the American Association of Petroleum Geologists, 37(9): 2119-2161. 
Fjarlie, R.L.I., MS 1950. The oceanographic phase of the Vancouver 
sewage problem. Canadian Joint Committee on Oceanography, MS Rep. 
25. PPps 
Giovando, L.F. and S. Tabata, MS 1970. Measurements of surface flow in 
the Strait of Georgia by means of free-floating current followers. 
Fish» Res. Bd. Canada, Tech. Rep. Ser.@No. 163,469: pr. 
Hughes, B.A., MS 1969. Characteristics of some internal waves in Georgia 
Strait. Defence Research Board of Canada, MS Tech. Memo 69-2, 26 pp. 
Pacific Oceanographic Group, MS 1971. Observations of sea water temperature, 
salinity and density on the Pacific Coast of Canada - 1950. Fish. 
Res. Bd. Canada, MS Rep. Volume 10, 59 pp. 
Shand, J.A., 1953. Internal Waves in Georgia Strait. Trans. Amer. 
Geophys. Union, 34 (6): 849-856. 
Tabata, S., L.F. Giovando and D. Devlin, MS 1971. Current velocities in the 
vicinity of the Greater Vancouver Sewerage and Drainage District's 
Iona Island Outfall - 1968. Fish. Res. Bd. Canada, Tech. Rep. Ser. No. 
20s, LLU pp. 
Takano, K., 1965. A complementary note on the diffusion of the seaward river 


flow off the mouth. J. Oceanogr. Soc. Japan, 11 (4): 147-149. 


i096. 


"g961 unc p - ¢ potsed oy} 104 
Sper ounr ¢ - p potsed oy} 104 


OS6I eUunr COT - g potszed sy} IOJ 


Os6T oun [ - Aew Ig potsed oy2 104 


-y1odity TeuotzeuLejU] Teanosue, ye (SuTpuse tnoy) Inoy yee IOF 


SoTIW TeOTyNeu FO ToqumuU [e302 YITM SUOTIDOELTP PUTM SUT[ITBASIg 


23% Ces es: TRA Ces AS SRE oH! 
wed? pN? BN? GAN: 6 MN > 6 MN: OL AN: OL MN : 
EWN £3: £38? LAN: 9AM? LAW? OLAN: OL BN: 

$3. a Oss: ase Fass Ess SS SE 

93: 3: Msi im: cm: Smt ORS ON: 

EN: LAN: BAN OMN OPN OLN LEAN? LL MN : 

Cot Maa? seat ¢ Ese Ese Vee 8S: 
DAN? €M? SAN: OLAN? SLMN: ELAN: SLAN: EL MN: 

$2: a: gas 2952 wet ens BS LS: 


We ews eet lees: Se = Ot: |e 


GM: 
OL MN : 
LL MN: 

BN: 

QM: 
Zl MN: 

9S: 
ZL AN : 
QM: 


9 


Sh 


Ol MN 


UL AN = 
8 AN : 
UL MN > 
ZL MN : 
9 4S": 
el AN = 

5M: 


Sl 


S MN : 
> OL MN 
LL MN : 


6 AN : 


LL MN = 


74 wt i 


8 3S 


ZL AN 
a 


* AN: 
Ol AN : 


9 MN: 9 MN > 9 MN? FAN eet AN = AU) Both aS Las : 
@MN: 6MN> SMN> €39:° €3 : tate 3 ae ae z | 


6iA > OLR 6,4 SL! a a Fee) 3 te: = WLC 


> OL MN = ZL MN: ZL MN = SL MN > OL MN > OL AN = pL MN > BN: 


Clee LE FOE co Ogee eS > Le 9 tS 


Ce - 8 he 6M: (oh > 1 AN Fe a See ee : 


i 


aTqeL 


ZN: LN? wie: 


wed: 23: SN? 
292 93. 63: 
ei2 63% 93% 
IN? va? LGN? 
ei@ €2° eave 
: OL 3S? OL 3S = OL 3S ¢ 
3S? pas? 3s: 
EIN: PN: € mW: 


ie) 
N 
= 


896! eunr » 
6961 eunc € (P) 


8r6l eunr Ss 
Bee, eunc y (2) 


OS6L 2unC OL 
OS6L aunr 6 
os6l eunr g (9) 


OS6L eunr | 
os6t Aw Le (®) 


31vd 
(6urpua 4noy) 
+ AWIL 


Paps 


KK 


\ 


EN i, \ 


C0) 
7 


R 


Boi 
beta 


SONS Voncouver International 
af Airport hd 


ieee 
- Gabriola |. 


afG Roberts Bank 
“fo Na Superport 


Saltspring’ 
Island 


feat Shr 


~ 123°30 W. 


Fig. 1. Chart showing the location of the general area of observations. 
The hatched area is along the flight track and represents the 
area covered by vertical photography. 
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Tidal heights at Point Atkinson: 


for the period 1 June 1950 
for the period 9 - 10 June 1950 
for the period 5 June 1948 
for the period 4 June 1968 


aan 


(arrows denote times of photography) 


Note: Tidal heights for 1948 and 1950 have been adjusted by 


adding 1.3 feet to the published predicted values to conform 
with current practices. 
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Fig. 4. Distribution of water types in the central Strait of Georgia 
during the initial stage of large ebb on 1 June 1950, as 
deduced from a series of vertical and oblique aerial photo- 
graphs. Solid arrows denote interpreted directions of surface 
currents; broken arrows denote directions of surface currents 
also but in which there is less certainty with regard to 
directions than indicated by solid arrows. 
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Fig. 7. Distribution of water types in the central Strait of Georgia 
during halfway along large ebb, on 1 June 1950, as deduced from 
a series of vertical and oblique photographs. Solid arrows 
denote interpreted directions of surface currents; broken arrows 
denote directions of surface currents also but in which there is 
less certainty with directions than indicated by solid arrows. 
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Mosaic of vertical photographs taken during halfway along large 
ebb on 1 June 1950 showing the plume that appears to have 
originated in Middle Arm of Sturgeon Bank. The plume from North 
Arm shows expansion to seaward as well as to south and northeast. 
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Fig. 9. Distribution of water types in the central Strait of Georgia 
during the final stage of large ebb on 1 June 1950, as deduced 
from a series of vertical and oblique aerial photographs. Solid 
arrows denote interpreted directions of surface currents; broken 
arrows denote directions of surface currents also but in which 
there is less certainty than indicated by solid arrows. Bands 
denote alternated bands of ruffled and smooth water surface indi- 
cating the presence of internal waves (lines represent crest of 
waves). 
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Fig. 10, Mosaic of vertical photographs taken during the final stage of 
large ebb on 1 June 1950 showing plume originating in Middle 
Arm and North Arm. 
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Distribution of water types in the central Strait of Georgia 
during end of large ebb (Lower Low Water) on 1 June 1950 as 
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deduced from a series of vertical and oblique aerial photographs. 


Solid arrows denote interpreted directions of surface currents; 
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broken arrows denote directions of surface currents also but in 


which there is less certainty with directions than indicated 


Bands denote alternate bands of ruffled and 


by solid arrows. 
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Fig. 12. Oblique photograph taken during end of large ebb 1 June 1950 
showing fresh water flowing south past Point Roberts. 
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Fig. 13. Oblique photograph taken during end of large ebb 1 June 1950 
showing fresh water from North Arm entering Burrard Inlet and 
also flowing northward. 
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Fig. 15. Oblique photograph taken during end of large ebb on 1 June 1950 
showing plumes from all three Arms of Fraser River. 


Aa 


‘4, 
*eg'.4, 
Og 


o¢ 


Bo "S, 


505 625 S05 v ‘ere % *y < Ss 
y SS 
Ye Meal 

ap erote << ss 

7 : 0% \\ Q se 
ies, . SS ON 

oa = \ x . OY xn 
x Ne > .. Ly 

& ) SS \ 


it wi 
<P baey 
Slee 
bes Gana 
FRESH WATER ‘ ON 


\N N 
MIXED WATER SK \\ 
( FRESHEST) NS 


NJ 
MIXED WATER § Os \ 
(ABOUT |'1 MIX) \ 
MIXED WATER “\, : RR 
y oe 


% 
eo 


0 


NA 


“Se 
aes 


Se 
(SALTIEST) ae 


SEA WATER 


| 
| JUNE 1950 
POINT ATKINSON 
1435 


Fig. 16. Distribution of water types in the central Strait of Georgia 


during the initial stage of large flood on 1 June 1950, as 

deduced from a series of vertical and horizontal aerial photo- 
graphs. Solid arrows denote interpreted directions of surface 
currents; broken arrows denote directions of surface currents also 
but in which there is less certainty with directions than indicated 
by solid arrows. Bands denote alternate bands of ruffled and 


smooth water surface indicating the presence of internal waves 
(lines representicrest of waves). 
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Fig. 17. Oblique photograph taken during the initial stage of large flood 
on 1 June 1950 showing expansion of plume water and of northeast- 
ward movement of main plume. 
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Fig. 18. Distribution of water types in the central Strait of Georgia during 
halfway along large flood on 1 June 1950 as deduced from a series 
of vertical and horizontal aerial photographs. Solid arrows 
denote interpreted directions of surface currents; broken arYfows 
denote directions of surface currents also but in which there is 
less certainty with directions than indicated by solid arrows. 
Bands denote alternate bands of ruffled and smooth water surface 
indicating the presence of internal waves. (lines represent 
crest of waves). 
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Fig. 19. Distribution of water types in the central Strait of Georgia 
during the final stage of large flood on 1 June 1950 as deduced 
from a series of vertical and horizontal aerial photographs. 
Solid arrows denote interpreted directions of surface currents; 
broken arrows denote directions of surface currents also but in 
which there is less certainty with directions than indicated by 
solid arrows. Bands denote alternate bands of ruffled and smooth 
water surface indicating the presence of internal waves. (lines 
represent crest of waves). 
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Fig. 20a. Distribution of surface salinity based on oceanographic observ- 
ations made during 0624-1728, 29 May and 0604-1421, 31 May 1950. 
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Fig. 20b. Distribution of surface salinity based on oceanographic observ- 
ations made during 0545-1450, 30 May and 0528-1350, 1 June 1950. 
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Fig. 21. Distribution of water types in the central Strait of Georgia 
during halfway along large ebb on 10 June 1950, as deduced from 
a series of vertical and horizontal aerial photographs. Solid 
arrows denote interpreted directions of surface currents; broken 
arrows denote directions of surface currents also but in which 
there is less certainty with directions than indicated by solid 
arrows. Bands denote alternate bands of ruffled and smooth water 
surface indicating the presence of internal waves. (lines represent 
crest of waves). 
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Distribution of water types in the central Strait of Georgia 
during final stage of large ebb on 10 June 1950, as deduced from 
a series of vertical and horizontal aerial photographs. Solid 
arrows denote interpreted directions of surface currents; broken 
arrows denote directions of surface currents also but in which 
there is less certainty with directions than indicated by solid 
arrows. Bands denote alternate bands of ruffled and smooth water 
surface indicating the presence of internal waves (lines represent 
crest of waves). 
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Oblique photograph taken during final stage of large ebb on 10 
June 1950 showing advancing edge of jet-like plume from Main Arm 
and the fresh water associated with the clockwise loop along the 
eastern shores of Galiano and Valdes Islands. 


aieiplifer 


Ags "1° ' 260 


* 
ei 
= 
. 
- 
« 


OCT ee 


Fig. 24. Oblique photograph taken during the final stage of large ebb on 
10 June 1950 showing part of the fresh water associated with the 
clockwise loop veering off Thrasher Rock and directed into mid- 
Straits 
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Fig. 25. Oblique photograph taken during the final stage on large ebb on 
10 June 1950 showing part of the fresh water associated with the 
clockwise loop veering further and being directed southward. 
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Distribution of water types in the central Strait of Georgia 
during the initial stage of large flood on 10 June 1950, as 
deduced from a series of vertical and oblique aerial photographs. 
Solid arrows denote interpreted directions of surface currents; 
broken arrows denote directions of surface currents also but in 
which there is less certainty with directions than indicated by 
solid arrows. Bands denote alternate bands of ruffled and smooth 
water surface indicating the presence of internal waves(Lines 
represent crest of waves). 
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Fig. 27. Oblique photograph taken during the initial stage of large flood 
on 10 June 1950 showing the well defined jet originating in the 
Main Arm and the part of the fresh water associated with the clock- 
wise loop. 
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Fig. 28. Mosaic of vertical photographs taken during the initial stage of 


large flood on 10 June 1950 showing plumes associated with Middle 


and North Arms. 
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Fig. 29. Distribution of water types in the central Strait of Georgia during 
halfway along the large flood on 10 June 1950, as deduced from a 
series of vertical and horizontal aerial photographs. Solid arrows 
denote interpreted directions of surface currents; broken arrows 
denote directions of surface currents also but in which there is 
less certainty with directions than indicated by solid arrows. 
Bands denote alternate bands of ruffled and smooth water surface 
indicating the presence of internal waves (lines represent crest 
of waves). 
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Fig. 30. Oblique photograph taken during halfway along large flood on 
10 June 1950 showing the extension of the clockwise loop into 


Collingwood Channel. 
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Fig. 31. Distribution of water types in the central Strait of Georgia 
during the final stage of large flood on 10 June 1950 as deduced 
from a series of vertical and horizontal aerial photographs. 

Solid arrows denote interpreted directions of surface currents; 
broken arrows denote directions of surface currents also, but in 
which there is less certainty with directions than indicated by 
solid arrows. Brands denote alternate bands of ruffled and smooth 
water surface indicating the presence of internal waves (lines 
represent crest of waves). 
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Oblique photograph taken during the final stage of large ebb on 

10 June 1950 showing the advancing edge of the main jet-like plume 
merging with the fresh water already lying off Porlier Pass. A 
convergence line is evident where the two bodies of water meet. 
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Fig. 33. Distribution of water types in the central Strait of Georgia 
during the initial stage of small ebb on 10 June 1950, as deduced 
from a series of vertical and horizontal aerial photographs. 
Solid arrows denote interpreted directions of surface currents; 
broken arrows denote directions of surface currents also but in 
which there is less certainty with directions than indicated by 
solid arrows. Bands denote alternate bands of ruffled and smooth 
water surface indicating the presence of internal waves (lines 
represent crest of waves). 
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Fig. 34a. Oblique photograph taken by a hand-held camera during halfway 
along large ebb on 4 June 1968 showing brackish water lying off 
northern end of Galiano Island and along Valdes Island. 


Fig. 34b.O0blique photograph taken by a hand-held camera during halfway 
along large ebb on 4 June 1968 showing brackish water lying off 
Valdes Island. The feature of this water is similar to that 
associated with that of the clockwise loop observed in earlier 
photographs. 
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Fig. 35. Distribution of water types in the Central Strait of Georgia 
during halfway along small ebb on 10 June 1950, as deduced from 
a series of vertical aerial photographs. Oblique photographs were 
not available. Solid arrows denote interpreted directions of 
surface currents; broken arrows denote directions of surface 
currents also but in which there is less certainty with directions 
than indicated by solid arrows. 
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Fig. 36. Distribution of water types in the central Strait of Georgia during 


the final stage of large ebb on 9 June 1950, as deduced from a 
series of vertical and horizontal aerial photographs. Solid 

arrows denote interpreted direction of surface current; broken 
arrows denote directions of surface currents also but in which 


there is less certainty with directions than indicated by solid 
arrows. 
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Distribution of water types in the central Strait of Georgia during 
the initial stage of large flood on 9 June 1950, as deduced from 

a series of vertical and horizontal aerial photographs. Solid 
arrows denote interpreted directions of surface currents; broken 
arrows denote directions of surface currents also but in which there 
is less certainty with directions than indicated by solid arrows. 
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Fig. 38a. Distribution of surface salinity based on oceanographic observations 
made during 0523-1440, 13 June 1950. 
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Fig. 38b. Distribution of surface salinity based on oceanographic observations 
made during 0532-1451, 14 June 1950. 
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Fig. 39. Distribution of water types in the central Strait of Georgia during 
the final stage of large flood on 5 June 1948, as deduced from 
two oblique photographs. Solid arrows denote interpreted directions 
of surface currents; broken arrows denote directions of surface 
currents also but in which there is less certainty with directions 
than indicated by solid arrows. 
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Fig. 40. Oblique photograph taken during the final stage of large flood 
on 5 June 1948 showing the northern extension of Fraser River water. 
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Fig. 41. Oblique photograph taken during the final stage of large flood 
on 5 June 1948 showing the southern extension of Fraser River water. 
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